INTRODUCTION
Dielectric cure monitoring is now a proven methodology. The scheme of using embedded capacitors for practical process-control monitoring of polymerization (cure) of epoxies and other thermosetting plastics has been investigated [1, 2, 3, 4, 5, 6 ]. The frequency range over which the effect of cure state on the electrical properties is pronounced varies with material and with cure temperature. Cure monitoring has usually been done at frequencies of the order of 1 Hz to 1 kHz, and sometimes lower. At megahertz and higher frequencies the dielectric constant is expected to vary very little with the cure state. Commercial sensors and instrumentation are currently available [7] for embedded dielectric cure monitoring.
Situations do arise, however, where it is desirable to have a capacitance probe that is not required to be embedded in the sample being monitored. One application is the monitoring of the cure of liner in solid rocket motor, where there may be differences such as temperature and solvent content between the witness panel and the flight hardware in spite of all attempts at maintaining a tight co-processing environment. Although microwave frequencies would allow non-contacting measurements, the frequency range is far above the principal dielectric relaxations due to the molecular mobility. Ideally, the probe should allow non-contacting, or at least non-embedded measurement of the dielectric properties of the material at lower, more useful frequencies.
THREE TERMINAL CAPACITANCE MEASUREMENTS
Such a probe can be implemented with a 3-terminal or guarded capacitor. In the scheme shown in Fig. 1 the mutual capacitance between electrode A and electrode B is sensitive only to the material intercepting the field lines indicated by dashed lines in the drawing. In principle, the mutual capacitance is defined as the ratio of the current into one of the terminals (say B) to the quadrature component of the voltage on the other terminal (say A), with the constraint that the first terminal be connected to a low impedance receiver and that the other components be held at ground potential.
The field lines in Fig. 1 are not derived from a precise calculation and are only intended to give an idea of the geometry of the field. Nonetheless, they illustrate that the mutual capacitance, CAB, is affected by field lines that penetrate to a certain depth in any material the probe is placed against. This probe design provides the desired penetration and is insensitive to extraneous influences on the backside, such as electrical noise and the motion of objects. The technique of using a three terminal capacitive probe for better control of the region of sensitivity has been used in a number of applications. The ability of this technique used to detect flaws in foamed glass composites has been demonstrated [8] . Three-terminal probes have been routinely used for measurement of the bulk conductivity of weakly conducting liquids, where elimination of surface conductivity is a concern [9] . These conductivity measurements were made with a three-terminal bridge arrangement, usually in the form of either the transformer ration arm bridge [10] or a low frequency adaptation in which the signal inversion is obtained using operational amplifiers instead of a transformer [11] . Three terminal capacitor arrangements have been proposed for other applications. A sensor to activate automatic windshield wipers has been proposed [12] that utilizes a three terminal capacitor to sense rain on the opposite side of the windshield. Three terminal capacitive measurements are also used to eliminate the effect of long cables for industrial process sensing [13] . The region of sensitivity of a capacitive probe can be controlled either using a grounded shield, as used in this investigation, or a driven shield [14] . One should note that the term "stray capacitance" is used in just the opposite manner in various literature, either referring to capacitance between either electrode and ground [13] or between the active electrodes [12] . Similarly the term "fringing field" is applied differently by different authors.
Calculation of the lift-off sensitivity and other aspects of capacitive array probes have been carried out by other workers [15, 16, 17] . The mutual capacitance of this type of three-terminal capacitive probe can be reliably and conveniently measured by a variety of techniques. The ratio-arm type bridges were useful in the past [10, 11] . Today an impedance analyzer, such as the Hewlett-Packard 4192A can rapidly provide measurements of greater precision.
RESULTS AND DISCUSSION
Several probes with different electrode geometries and designed for different depths of penetration were constructed. All were planar geometries, constructed using simple clad circuit boards and provided grounded guard electrodes on the front surface. The back surface also incorporated a complete ground plane that eliminated sensitivity to signals and objects on the back side.
The mutual capacitance between the two sensing electrodes was measured with a Hewlett-Packard 4192A Impedance Analyzer. This instrument was used in the 4-terminal impedance measurement mode. Four type RG-174/U cables, each of the specified meter length, were connected between the BNC connectors on the instrument and the probe. The current source and the high voltage sensing terminals of the analyzer were connected to one electrode of the probe. The current sink and the low voltage sensing terminals of the analyzer were connected to the other electrode. The shields of the cables were connected together at the probe side and connected to the ground of the probe. On the analyzer end these shields were not externally connected together and were not connected to the frame of the instrument. (The Hewlett-Packard 4192A partially floats these grounds.) This grounding scheme provided the best repeatability of the impedance readings.
The sensitivity and depth selectivity of these probes were evaluated by measuring the capacitance as the separation of the probe from a 4 inch thick block of acrylic (Lucite or Plexiglas) was varied.
The printed circuit layout of one of the probes is shown in Fig. 2 . This is an interdigital Finger probe with the spacing between the fingers and outside the connecting rails grounded. The opposite side of the 0.063" thick glass-epoxy board was a solid ground plane except for small circular pads around the through connections. Holes were drilled for through connections to the two electrodes and to the ground that both separates and surrounds each of them. The through connections were made with minimal protrusions on the electrode side. When the capacitance vs. liftoff from a lucite (acrylic) block is measured, it can be seen from Fig. 3 that the increase of capacitance over its air value asymptote drops to half at about 0.5 mm separation. Even at 1 mm liftoff the change in the capacitance due to the proximity of the lucite block is quantifiable. Thus the probe is averaging the dielectric properties over the first 0.5 to 1 mm. The probe was insensitive to disturbances (such as fixturing and the operator's hands) on the back side. The three terminal arrangement with a ground plane on the reverse appear to constrain the field adequately. UFTOFF, MM Fig. 3 Mutual capacitance vs. liftoff from the sample for the three terminal capacitive probe with interdigited finger electrodes shown in Fig. 2 .
The layout of another probe with interdigital finger electrodes is shown in Fig. 4 , along with the connections to the impedance analyzer. This did not require circuit board fabrication facilities as it was constructed from a conventional prototyping board (Type 12-DE-6GP, Douglas Electronics, 718 Marina Blvd., San Leandro, CA 94577-3524, tel: 415/483-8770) that incorporates a ground plane on the reverse side. The pads between the active electrodes are connected through to the ground plane on the other side. The leads to the analyzer were connected through the holes from the ground plane side. The connection of these leads are shown in Fig. 4 and are the same for all the probes. The solder connections and the jumpers to the bus were maintained to a low profile, so the electrodes could be placed within 1 mm of the sample surface. Measurements showed that penetration depth of the field was 1.5 mm.
Another probe geometry evaluated consisted of a 20 mm diameter disk for each electrode, their centers being separated by 26 mm, with the rest of the surface being grounded except for a 1 mm insulating gap, and the back side of the circuit board also being grounded except for small pads for the through connections. This particular geometry gave a penetration depth of 6 mm.
Using the probe of Fig. 2 , the cure of a 5-minute epoxy (order #04001, Hardman, Inc. 600 Cortlandt St., Belleville, NJ 07109, tel: 201/751-3000) was studied. A 2 mm thick layer of uncured epoxy was placed on a thick acrylic block. The probe was placed over this, separated from the epoxy by a 0.0007" thick polyethylene sheet. Since the epoxy only covered 75 % of the area under the electrode, greater sensitivity would be expected for a larger sample. This epoxy was cured at room temperature. Readings were taken of the capacitance and conductance of the sample, in picofarad and microsiemens respectively. The instrument was used in the averaging mode for maximum precision. A frequency of 11 kHz was used, which was the lowest frequency that gave a readout to 0.001 pF in this mode. This also provided a resolution of 0.001 microsiemens. Both readouts were steady and repeatable. The conductivity changed little, being 0.006 microsiemens at the start of the cure, rising to 0.007 microsiemens at 1.5 to 3.5 minutes after the start, then gradually decreasing to 0.003 microsiemens from 6.5 minutes after the start of the cure onwards.
The capacitance provided the best indicator of the cure process at the frequency chosen. Fig. 5 demonstrates the time record of the measured capacitance. The time scale refers to time from when the epoxy was mixed. A definite decrease during the first 6 minutes of the cure. A smaller, but accurately measurable change is noted until about 15 minutes after this.
The temperature was not measured during this study, but it may be assumed that the evolved heat would be rapidly dissipated since the sample was not very thick. The atmospheric humidity was not controlled. Although these parameters are important to a real process, they were not controlled for this feasibility demonstration.
DISCUSSION
The frequency of 11 Khz was chosen because it was the lowest frequency that provided 0.001 pF resolution with this instrument, even in the averaging mode. If a resolution of 0.01 pF were acceptable, the frequency could be lowered to 1.1 kHz. This would be acceptable with a probe that was designed to have about 5 times the mutual capacitance. Similarly, a different instrument could be used that is designed for higher resolution three terminal capacitance measurements at low frequencies. It should be remembered that the Hewlett-Packard 4192A is a general-purpose instrument designed to perform a complete range of impedance measurements from 5 Hz to 13 MHz.
An instrument could be designed for high precision three terminal capacitance and conductance measurements at lower frequencies. If precision measurements can be made at frequencies below 1 kHz, the preferred cure monitoring parameter will probably be the ionic viscosity, which was used by the authors of the first 3 references of the earlier paper [1] . This may indeed be necessary if the cure of certain other polymers, such as HTPB (hydroxy-terminated polybutyline) is to be monitored.
Discrimination of processes at a definite depth may be possible by designing a probe and instrumentation to subtract the capacitance readings from two probe configurations. The probes could be interleaved or could be derived from the same fingers, by multiplexing between configurations whereby fingers were connected differently, providing two effectively different electrode spacings.
If the connections to the electrodes were made with plated through holes, an even flatter probe face could be maintained. Although a thin polyethylene film was used in this study to allow the probe to be removed from the sample, the probe could have been fixtured to maintain a lift-off of approximately 0.5 mm. The probe could also have been in contact with the sample if adhesion between them was not a concern. This probe could also be used to monitor the cure of an adhesive layer under 0.5 mm or more of material. At these low frequencies the conductivity of most carbon-fiber reinforced composites is not expected to hinder monitoring through such a surface layer. 
CONCLUSIONS
This study has demonstrated that a properly designed three terminal capacitance probe can monitor the material capacitance without contact, sensing changes of the dielectric properties from a distance of a fraction of a millimeter to several millimeters away. This probe geometry utilized the mutual capacitance between two appropriately placed electrodes, together with a guard or ground electrode. This geometry both provided penetration into the sample to a depth of a few mm and reduced extraneous influences.
These non-embedded probes could be used in a variety of ways. They could be placed in contact with the sample or spaced from it by a thin film or by spacers on the side of the probe. In a non-contact mode the lift-off could be controlled by various means such as robotic feedback from ultrasonic or infrared sensors or by an air bearing technique.
Future improvements include plated through holes to provide a completely flush surface on the sample side, a differential measurement to cancel out the effect of the material close to the probe, and operation at lower frequencies. Operation at lower frequencies and use of the ionic viscosity (instead of the capacitance) may be necessary to follow the cure of other materials, such as HTPB.
